Abbreviations used in this paper: Cav1, caveolin-1; CBM, caveolin-binding motif; FRET, fl uorescence resonance energy transfer; mCBM, mutated caveolin-binding motif; MSD, mean square displacement.
Introduction
The Na/K-ATPase, also known as the sodium pump, is a ubiquitous trans-membrane enzyme that transports Na + and K + across the plasma membrane by hydrolyzing ATP ( Sweadner, 1989 ; Lingrel and Kuntzweiler, 1994 ; Kaplan, 2002 ) . Interestingly, cells appear to contain two functionally separable pools of Na/K-ATPase, and a majority of the cellular Na/K-ATPase is engaged in cellular activities other than pumping ions ( Liang et al., 2007 ) . Moreover, the nonpumping Na/K-ATPase apparently resides in caveolae and interacts directly with multiple proteins including protein kinases, ion transporters, and structural proteins to exert its nonpumping functions. For example, the interaction between Na/K-ATPase and Src controls basal Src activity . It also forms a functional receptor complex for cardiotonic steroids such as ouabain to stimulate tyrosine phosphorylation of several downstream effectors including caveolin-1 (Cav1) ( Yuan et al., 2005 ; Tian et al., 2006 ; Nguyen et al., 2007 ) . Furthermore, the caveolar Na/K-ATPase appears to be an important scaffold that is capable of assembling both signaling and structural protein complexes. For instance, the interaction between the Na/K-ATPase and IP3 receptors is important for the junctional Ca 2+ signaling in many cell types ( Aizman et al., 2001 ; Yuan et al., 2005 ; Chen et al., 2007 ; Edwards and Pallone, 2007 ) , and the Na/K-ATPase is essential for the integrity of tight junctions in epithelial cells ( Rajasekaran et al., 2005 ) .
There are three genes and six isoforms of caveolin ( Williams and Lisanti, 2004 ) . Cav1 is a 22-kD protein and is expressed in endothelial, epithelial, and other cells. It has a 33-residue central hydrophobic region and is palmitoylated on multiple cysteine residues. Cav1 is considered as an integral membrane protein, and both the hydrophobic region and palmitoylation are important for targeting Cav1 to the plasma membrane. Cav1 was originally found as a novel tyrosine kinase substrate in Rous sarcoma transformed cells ( Glenney, 1989 ) . It has now been investigated as the biochemical marker and structural protein of caveolae in most types of cells ( Rothberg et al., 1992 ; Anderson, 1998 ) . Caveolae are fl ask-shaped vesicular invaginations of plasma membrane and are enriched in cholesterol, glycosphingolipids, and sphingomyelin ( Anderson, 1998 ; Razani et al., 2002 ) . The current interests in caveolin and caveolae are derived from their multiple functions in dynamic cellular processes such as signal transduction and endocytosis ( Balasubramanian H ere, we show that the Na/K-ATPase interacts with caveolin-1 (Cav1) and regulates Cav1 traffi cking. Graded knockdown of Na/K-ATPase decreases the plasma membrane pool of Cav1, which results in a signifi cant reduction in the number of caveolae on the cell surface. These effects are independent of the pumping function of Na/K-ATPase, and instead depend on interaction between Na/K-ATPase and Cav1 mediated by an N-terminal caveolin-binding motif within the ATPase ␣ 1 subunit. Moreover, knockdown of the Na/K-ATPase increases basal levels of active Src and stimulates endocytosis of Cav1 from the plasma membrane. Microtubule-dependent long-range directional traffi cking in Na/K-ATPase -depleted cells results in perinuclear accumulation of Cav1-positive vesicles. Finally, Na/K-ATPase knockdown has no effect on processing or exit of Cav1 from the Golgi. Thus, the Na/K-ATPase regulates Cav1 endocytic traffi cking and stabilizes the Cav1 plasma membrane pool.
tern of distribution was signifi cantly altered in the knockdown cells. Overall, knockdown of the Na/K-ATPase redistributed Cav1 from the fraction 4/5 to high density fractions that contain protein markers for ER (calnexin), Golgi (GM130), early endosomes (EEA-1) ( Fig. 1 C ) , and other subcellular structures ( Liu and Askari, 2006 ; Mayoral et al., 2007 ) . Quantitatively, although no signifi cant change in total cellular Cav1 content was detected in A4-11 cells, a 22 ± 4% decrease was observed in TCN23-19 cells ( Fig.1 D ) . When the ratio of fraction 4/5 Cav1 versus total was calculated, we found that the changes in Cav1 distribution appeared to be correlated with the amount of ␣ 1 in different cell lines. Although 47 ± 8% ( n = 5) of Cav1 was detected in fraction 4/5 in control P-11 cells, only 22 ± 3% ( n = 3) and 12 ± 2% ( n = 4) of Cav1 were found in this fraction in A4-11 and TCN23-19 cells, respectively ( Fig. 1 D ) . These results implied that decreases in the Na/K-ATPase might redistribute Cav1 from the low density caveolae into high density subcellular organelles such as endosomes.
The Na/K-ATPase knockdown alters the plasma membrane distribution of endogenous as well as YFP-tagged Cav1
To confi rm the above fi ndings, we performed the immunostaining assay to visualize the endogenous Cav1 distribution in fi xed cells. As depicted in Fig. 2 A , Cav1 resided in the plasma membrane in control P-11 cells. Using a semi-quantitative analysis detailed in Materials and methods, we estimated that the plasma membrane pool contained 56 ± 2% ( n = 32 cells) of total cellular Cav1 signal. In agreement with prior observations, we also detected perinuclear distribution of Cav1, most likely due to the slow transport of Cav1 through the Golgi network ( Luetterforst et al., 1999 ; Nichols, 2003 ; Pol et al., 2005 ) . In contrast to the control P-11 cells, the plasma membrane distribution of Cav1 in TCN23-19 cells was signifi cantly reduced (26 ± 1%, n = 49 cells, P < 0.01 in comparison with that in P-11 cells) with a concomitant accumulation of Cav1-positive vesicles in the perinuclear region as well as in the cytoplasm ( Fig. 2 A ) .
To further study the cellular distribution of Cav1 in live cells, we constructed the plasmids expressing EYFP-fused to either the N terminus (YFP-Cav1) or C terminus (Cav1-YFP) of Cav1. It has been demonstrated that both N-and C-tagged caveolin proteins had a similar overall distribution when they were transfected into cultured cells. However, different terminal tag did affect the functionality of Cav1 ( Pelkmans et al., 2001 ). Thus, we studied both fusion proteins in our control and Na/K-ATPase knockdown cells. As shown in Fig. 2 B , 24 h after transfection, a large portion of Cav1-YFP fusion protein was already transported to the plasma membrane in control P-11 cells (58 ± 2%, n = 41 cells). As expected ( Luetterforst et al., 1999 ; Nichols, 2003 ; Pol et al., 2005 ) , a small amount of the expressed fusion protein resided in the perinuclear region, and the cytoplasm contained a few Cav1-YFP -positive vesicles. In contrast, a vast majority of the fusion protein was found in vesicles with much less signal being detected in the plasma membrane in TCN23-19 cells (32 ± 1%, n = 40 cells, P < 0.01 in comparison with that in P-11 cells) ( Fig. 2 B ) . This is consistent with the fi ndings presented in Fig. 2 A . Moreover, these Parton and Simons, 2007 ; Salanueva et al., 2007 ) . Moreover, defects in caveolin traffi cking are associated with human diseases and pathological conditions Pol et al., 2005 ; Parton and Simons, 2007 ) Although early studies suggest that caveolae might form at the plasma membrane when a suffi cient amount of Cav1 is delivered, more recent studies using GFP-tagged Cav1 demonstrate that caveolar vesicles are actually formed in the Golgi complex and that these preassembled caveolar vesicles can undergo continuous cycles of fusion and fi ssion with the preexisting caveolae in the plasma membrane ( Pelkmans and Zerial, 2005 ; Tagawa et al., 2005 ) . Several regulatory mechanisms have been identifi ed to regulate these dynamic processes. For example, removal of cholesterol or activation of Src family kinases is known to increase the fi ssion of caveolar vesicles, whereas Src knockout stabilizes plasma membrane caveolae ( Pelkmans and Zerial, 2005 ; Le Lay et al., 2006 ) . Moreover, the plasma membrane Cav1 is highly immobile unless cells are exposed to either chemical or viral stimuli ( Pelkmans et al., 2001 ; Thomsen et al., 2002 ) . It is known that caveolins interact with multiple membrane proteins via their scaffolding domain. These interactions appear to be important for " trapping " receptors in the caveolae to form effi cient signaling microdomains ( Couet et al., 1997 ; Liu et al., 2002 ) . Because the Na/K-ATPase is an abundant caveolar resident in the plasma membrane and regulates basal cellular Src activity, we postulated that the Na/K-ATPase might interact with Cav1 and regulate its membrane traffi cking. To test this hypothesis, we determined whether changes in plasma membrane Na/K-ATPase amount and structure affected Cav1 distribution and mobility in LLC-PK1 cells. Our new fi ndings showed that the Na/K-ATPase regulates the membrane traffi cking of Cav1.
Results
The Na/K-ATPase knockdown changes subcellular distribution of Cav1
Recently, we have found that there are two functionally separable pools of Na/K-ATPase in LLC-PK1 cells ( Liang et al., 2006 ( Liang et al., , 2007 . Graded knockdown of Na/K-ATPase by the expression of an ␣ 1-specifi c siRNA preferentially abolishes the pool of nonpumping Na/K-ATPase that resides in caveolae and interacts with Cav1 Wang et al., 2004 ; Liu et al., 2005 ; Liang et al., 2007 ) . To investigate whether changes in the amount of caveolar Na/K-ATPase affect cellular Cav1 distribution, we used a well-established detergent-free and carbonate-based density gradient fractionation procedure ( Song et al., 1996 ; Liu et al., 2003 ) and prepared caveolar fractions from the control LLC-PK1 cells (P-11) and Na/K-ATPase knockdown cell lines . Western blot analysis of total cell lysates showed that A4-11 cells had ‫ف‬ 44% of the ␣ 1 subunit in comparison to the control P-11 cells, whereas TCN23-19 cells contained ‫ف‬ 10% of the ␣ 1 subunit ( Fig. 1 A ; Liang et al., 2006 ) . When different fractions were analyzed, we found that both Cav1 and the ␣ 1 were concentrated in fraction 4/5 in control P-11 cells ( Fig. 1 B ) , which is in agreement with what has been reported Wang et al., 2004 ) . However, this pat- Cav1-YFP -positive vesicles were much larger in size in comparison with those detected in the control P-11 cells, and resided in the perinuclear region as well as scattered in the cytoplasm. When the same experiment was repeated in cells transfected with YFP-Cav1, a similar but more severe alteration was found in TCN23-19 cells ( Fig. 2 B ) . Together, these fi ndings were consistent with the data presented in Fig. 1 , and indicated that knockdown of the Na/K-ATPase reduced the amount of Cav1 in the plasma membrane and concomitantly increased Cav1-positive vesicles in the cytoplasm.
The Na/K-ATPase knockdown affects caveolae formation Cav1 is the major structural component of caveolae. To determine the effect of Na/K-ATPase knockdown on caveolae formation, we processed both P-11 and TCN23-19 cells for ultrastructural analysis.
connected to the plasma membrane in P-11 cells ( Fig. 3 B ) . In contrast, only 15 ± 6% of surface gold particles were found located in surface caveolar structures in TCN23-19 cells ( Fig. 3 D ) . These fi ndings, together with those depicted in Fig. 2 , indicate that the Na/K-ATPase knockdown reduced the number of caveolae. Interestingly, unlike knockdown of Cavin ( Hill et al., 2008 ) , the Na/K-ATPase knockdown also caused a redistribution of Cav1 from the plasma membrane to cytosolic compartments.
The Na/K-ATPase interacts with Cav1 via its N-terminal caveolin-binding motif
We have shown that the Na/K-ATPase can be coimmunoprecipitated with Cav1 and that the purifi ed Na/K-ATPase binds to
The typical caveolae appear as rounded plasma membrane invaginations of 50 -80 nm in diameter in endothelial cells and adipocytes ( Richter et al., 2008 ) , whereas the caveolae found in epithelial cells are on average a bit smaller . In accordance, caveolae with a diameter between 30 -80 nm were readily detectable on the surface in P-11 ( Fig. 3 A , insets b and c) but not TCN23-19 cells ( Fig. 3 C ) . Coated pits were also evident in some images (see Fig. 3 A, inset a). Quantitatively, we detected 0.47 ± 0.01 surface connected caveolae per μ m of the plasma membrane in control P-11 cells. In TCN23-19 cells, this number decreased to 0.08 ± 0.04, an 82% reduction ( Fig. 3 ) . Consistently, when immuno-EM was performed, we found that ‫ف‬ 65 ± 7% of surface gold were in clusters, surrounding 30 -80-nm vesicles close to or clearly geted to the plasma membrane. When the plasma membrane signals were analyzed, we found signifi cant FRET between this pair of proteins ( Fig. 4, A and B ) , indicating that the Na/K-ATPase and Cav1 are likely to interact in the plasma membrane. When the same experiment was repeated with Cav1-CFP and YFP-␣ 1, we found that both were also targeted to the plasma membrane (not depicted) and yielded a signifi cant FRET. However, CFP-Cav1/ YFP-␣ 1 yielded a higher FRET effi ciency than that of Cav1-CFP/YFP-␣ 1 pair (15.5 ± 3.4% vs. 9.2 ± 1.3%, n = 5, P < 0.05). This fi nding is consistent with the fact that the scaffolding domain and a putative caveolin-binding motif are located at the N termini of both proteins (see next paragraph). Thus, the GST-Cav1 N terminus ( Wang et al., 2004 ) . To determine whether the interaction between Na/K-ATPase and Cav1 plays a role in regulating caveolar vesicle traffi cking, we fi rst performed fl uorescence resonance energy transfer (FRET) analysis to test whether these two proteins have the potential to directly interact in live cells. YFP-␣ 1 was used because our prior experiments showed that it could be expressed and targeted to the plasma membrane as the endogenous ␣ 1 . To test which Cav1 construct could be used for FRET analysis, we fi rst transfected the TCN23-19 cells with either CFP-Cav1/YFP-␣ 1 or Cav1-CFP/YFP-␣ 1, then measured the FRET effi ciency. As depicted in Fig. 4 A , both CFP-Cav1 and YFP-␣ 1 were tar- targeted to the plasma membrane as wild-type ␣ 1. However, it failed to generate signifi cant FRET with Cav1 ( Fig. 4 B ) . These findings indicate that the plasma membrane Na/K-ATPase is likely to interact with Cav1 directly in live cells via the ␣ 1 N-terminal CBM.
Wild-type ␣ 1 and the pump-null D371N mutant, but not the mCBM, rescued Cav1 subcellular localization
To functionally assess the role of the interaction between Na/KATPase and Cav1 in regulating cellular distribution of Cav1, we rescued TCN23-19 cells by expressing a wild-type rat ␣ 1. After the stable cell lines were established, we repeated the density fractionation assays. As shown in Fig. 5 , expression of a wildtype rat ␣ 1 in TCN23-19 cells not only restored cellular Na/KATPase activity ( Liang et al., 2006 ) , but was also able to target Cav1 into fraction 4/5 as in the control P-11 cells ( Fig. 5 B ) . To be sure that this restoration is not a cell-specifi c phenomenon, we repeated the same experiments in PY-17 cells, another Na/KATPase knockdown cell line ( Liang et al., 2006 ) , showing that expression of a rat ␣ 1 was indeed suffi cient to restore Cav1 targeting to the fraction 4/5 in this cell line (see Fig. S1 , available detected difference in FRET effi ciency between the N-and C-terminal tags of Cav1 provides a nice control for validating the FRET analysis. Therefore, the following FRET analyses were conducted with the CFP-Cav1/YFP-␣ 1 pair.
To test whether the interaction requires the pumping function of Na/K-ATPase, we performed FRET analysis between a pump-null mutant of YFP-␣ 1 (D371N) and CFP-Cav1. Both proteins were targeted to the plasma membrane and the D371N mutant was capable of interacting with Cav1 to generate FRET effi ciency of 15.0 ± 2.3% in the plasma membrane ( Fig. 4 B ) .
Sequence analysis revealed that the ␣ 1 subunit of Na/KATPase contains two highly conserved potential caveolinbinding motifs (CBM), one being at the N terminus and the other at the C terminus ( Wang et al., 2004 ) . To test whether these potential ␣ 1 CBMs are involved in the interaction, we focused on the N-terminal CBM because the C-terminal CBM resides extracellularly according to the newly released 3D structure of the Na/K-ATPase ( Morth et al., 2007 ) . Using a strategy developed by others ( Leclerc et al., 2002 ; Wang et al., 2002 ; Brazer et al., 2003 ; Sato et al., 2004 ) , we mutated two of the aromatic amino acid residues in the CBM to Ala (F97A and F100A). Imaging analysis showed that the mutated ␣ 1 (mCBM) was Because the YFP-mCBM ␣ 1 mutant can form an active pump, the above fi ndings indicate that the effect of Na/K-ATPase on Cav1 distribution is unlikely due to decreases in pumping activity or subsequent changes in intracellular ion concentration. To seek further support to this contention, we rescued TCN23-19 cells with a pump-null D371N mutant. As shown in Fig. 6 B , expression of the YFP-D371N mutant was able to restore normal cellular distribution of Cav1-CFP.
Cav1 can exit from the Golgi complex in Na/K-ATPase knockdown cells
The decrease in plasma membrane Cav1 in TCN23-19 cells could be due to defects in the Golgi processing of Cav1. To test whether the Golgi exit of Cav1 in the knockdown cells is signifi cantly reduced, we fi rst determined whether perinuclear Cav1-YFP colocalized with giantin, a trans-Golgi marker, and calnexin, an ER marker. As expected, some colocalization between Cav1-YFP and giantin ( Fig. 7, A and B ) , but very few between Cav1-YFP and calnexin (not depicted), was detected. However, a at http://www.jcb.org/cgi/content/full/jcb.200712022/DC1). In contrast, rescuing TCN23-19 cells with the mCBM ␣ 1 only restored the cellular Na/K-ATPase, but failed to change Cav1 distribution because most of Cav1 remained in the heavy fractions ( Fig. 5 ) . These fi ndings are consistent with the notion that the interaction between Na/K-ATPase and Cav1 is important for traffi cking Cav1 to the plasma membrane.
To seek further evidence to support the above conclusion, we repeated the transient transfection and imaging analyses using different ␣ 1 constructs. As shown in Fig. 6 A , in TCN23-19 cells rescued by wild-type ␣ 1 (pointed by red arrowhead), the expressed Cav1-CFP was targeted to the plasma membrane. On the other hand, in the same image we found that Cav1-CFPpositive vesicles were largely retained in the cytoplasm in a cell that did not express a signifi cant amount of YFP-␣ 1 (pointed by blue arrowhead). Moreover, expression of the YFP-mCBM ␣ 1 mutant failed to restore the cellular distribution of Cav1-CFP ( Fig. 6 C ) , which is consistent with the fractionation studies presented in Fig. 5 . set of experiments in which we examined the Golgi distribution of endogenous Cav1, showing essentially the same pattern of Cav1 distribution in both types of cells ( Fig. 7, C and D ) . Moreover, it is known that the Golgi pool of caveolin is in low molecular weight oligomers and is soluble in low concentration of Triton X-100 at low temperature ( Pol et al., 2005 ) . majority of the accumulated perinuclear Cav1-YFP in the knockdown cells apparently resided in vesicles outside of the Golgi complex ( Fig. 7 B ) . This pattern of distribution was also true in YFP-Cav1 -expressing cells (not depicted). To rule out the possibility that the different cell lines may make a difference in processing transfected proteins, we then performed the second Figure 6 . Expression of wild-type rat ␣ 1 and D371N, but not mCBM, in TCN23-19 cells restored Cav1 distribution. Cells were cotransfected with caveolin-CFP and YFP-tagged wild-type rat ␣ 1 ( ␣ 1 wt), D371N, or mCBM. Images were taken by confocal microscope, and pseudo-color was assigned to the images to show colocalization. Red arrowhead: rescued cells; blue arrowhead: cells that were not rescued by either rat ␣ 1 or its mutants. A set of representative images of three separate experiments is shown. Bar, 5 μ m. As depicted in Fig. 7 E , we found that a majority of the Cav1 was insoluble in cold 0.1% Triton X-100 in both control and knockdown cells, and that Na/K-ATPase knockdown did not change the amount of soluble Cav1.
It has been reported that the Golgi pool of Cav1 is dependent on new protein synthesis, but not on the exchange with Cav1 in the plasma membrane or in endosomes, because blocking new protein synthesis by cycloheximide was suffi cient to empty endogenous Cav1 from the Golgi complex ( Nichols, 2002 ) . To further test whether the knockdown of Na/K-ATPase affects the Golgi exit of Cav1, we transfected both control and knockdown cells with Cav1-YFP for 3 h. As depicted in Fig. 7 F , before addition of cycloheximide, both cells contained a Golgi pool of Cav1 as indicated by the giantin colocalization ( Fig. 7 F ,  a and c) . After protein synthesis was blocked by cycloheximide, both P-11 and TCN23-19 cells were able to empty this pool of fl oating density and the accumulation of large size Cav1-positive vesicles. To test this hypothesis, cells were cotransfected with Cav1-YFP and RFP-rab5 or RFP-rab7. Confocal images showed that many large Cav1-YFP -positive vesicles were indeed colocalized with RFP-rab5 in TCN23-19, but not in P-11 cells ( Fig. 8, A and B ) . These results indicated that knockdown of Na/K-ATPase is likely to stimulate the endocytosis of Cav1. Interestingly, no colocalization was detected between Cav1-YFP and RFP-rab7, a late endosome marker ( Fig. 8, C and D ) .
The Na/K-ATPase knockdown increases the endocytosis of Cav1
The above data indicated that knockdown of Na/K-ATPase increased an internal accumulation of Cav1 vesicles. To test whether this is a result of increased endocytosis, we monitored Cav1-YFP -positive vesicle movement in both control and TCN23-19 cells. As depicted in Fig. 9 A , we could observe some endocytic Cav1-YFP ( Fig. 7 F , b and d) . As expected, in the knockdown cells we observed more Cav1-YFP -positive vesicles in the cytoplasm than that in the control cells. Together, the data indicate that Cav1 can exit from the Golgi complex in the knockdown cells. Therefore, knockdown of the Na/K-ATPase is likely to affect either endo cytosis or exocytosis (or both) of Cav1, resulting in a net accumulation of Cav1-positive vesicles. The fractionation data in Fig. 1 indicated that knockdown of Na/K-ATPase caused a higher density migration of intracellular Cav1. Because prior studies demonstrated that Cav1 vesicles could fuse into endosomes during endocytosis ( Pelkmans et al., 2001 ) , we reasoned that this type of fusion might take place in the Na/K-ATPase knockdown cells, resulting in increases in was quite low in control P-11 cells. On the other hand, an increase in recovery was observed in TCN23-19 cells. When total fl uorescence was measured in both control and the knockdown cells over 15 min, we detected a 9.0 ± 1.5% of recovery in the control P-11 cells and a 16 ± 1.0% recovery in TCN23-19 cells ( n = 6, P < 0.01).
Involvement of Src
It is known that Src plays an important role in controlling Cav1 endocytosis ( Sharma et al., 2004 ; Pelkmans and Zerial, 2005 ; Le Lay et al., 2006 ) . We have reported that there is a pool of Na/K-ATPase -interacting Src in LLC-PK1 cells ( Liang et al., 2006 ; Tian et al., 2006 ) . Binding of Src to this pool of Na/KATPase keeps Src in an inactive state and knockdown of Na/KATPase releases this pool of Src, resulting in an increase in basal Src activity. Thus, the Na/K-ATPase knockdown-induced Src activation could be responsible for the observed increase in the mobility of Cav1 vesicles in TCN23-19 cells. To test this postulation, TCN23-19 cells were treated with PP2, a Src family kinase inhibitor, for 5 h and then immunostained for Cav1. Cell imaging showed that PP2 treatment caused a signifi cant increase in plasma membrane Cav1 signal (42.6 ± 1.5% v. 26 ± 1%; n = 28; P < 0.01) ( Fig. 10 ) . The above experiment was repeated in Cav1-YFP transfected cells, and showed similar result (44.2 ± 2% in PP2 treated cells vs. 32 ± 1% in nontreated TCN23-19 cells; n = 30; P < 0.01). In accordance, we found that PP2 signifi cantly reduced the mobility of Cav1-YFP -positive vesicles in TCN23-19 cells ( Fig. 9 , B and C and Videos 5 and 6, available at http://www.jcb.org/cgi/content/full/jcb.200712022/DC1).
The Na/K-ATPase knockdown-induced movement of Cav1 is microtubule dependent
It has been reported by several groups that disruption of microtubule (MT) abolished trafficking of Cav1 vesicles ( Mundy et al., 2002 ; Tagawa et al., 2005 ; Head et al., 2006 ). Thus, we tested whether the increased movement of Cav1 vesicle in the Na/K-ATPase knockdown cells is MT dependent. As depicted in Fig. 9 and Videos 7 and 8 (available at http://www.jcb.org/ cgi/content/full/jcb.200712022/DC1), addition of nocodazole events and occasionally a long-range directional movement of the internalized Cav1 vesicles toward the perinuclear area in the control P-11 cells (also see Videos 1 and 2, available at http:// www.jcb.org/cgi/content/full/jcb.200712022/DC1). This is consistent with what has been reported in other cells ( Pelkmans and Zerial, 2005 ) . Two important differences were noticed immediately when the same experiment was conducted in TCN23-19 cells. First, we observed that more Cav1-YFP -positive vesicles pinched off from the plasma membrane. Second, many of the internalized vesicles underwent a long-range (over distances of 2 μ m) and directional movement toward the perinuclear area ( Fig. 9 A and Videos 3 and 4, available at http://www.jcb.org/ cgi/content/full/jcb.200712022/DC1). Quantitatively, there was a 2.6 ± 0.4-fold ( n = 40) increase in the number of fi ssion events in TCN23-19 cells. To describe the trajectory of moving Cav1-YFP -positive vesicles, we adopted the computational methods described by others ( Qian et al., 1991 ; Saxton and Jacobson, 1997 ; and analyzed mean square displacement (MSD), i.e., the average of the square of the distance moved by the vesicle between image frames. As shown in Fig. 9 B , the MSD versus time plot for the trajectory of moving Cav1-YFP -positive vesicles in control P-11 cells resembled that of confi ned diffusion ( Haggie et al., 2006 ; Nudelman and Louzoun, 2006 ) , consistent with what was reported previously ( Pelkmans and Zerial, 2005 ) . In contrast, the MSD plot became linear in the Na/K-ATPase knockdown cells, which is similar to the MSD plot for simple diffusion. When the moving distance was calculated, the maximum range that vesicles traveled in TCN23-19 cells was 4.51 ± 0.32 μ m, much longer than the 1.86 ± 0.17 μ m detected in control cells ( Fig. 9 C ) .
To further confi rm that knockdown of the Na/K-ATPase increases the mobility of Cav1, we determined fl uorescence recovery after photobleaching (FRAP). Cells were transiently transfected with Cav1-YFP for 24 h, and a periphery segment of a transfected cell was bleached. Afterward, the movement of Cav1 into the bleached area over the distance of 2 μ m was monitored as a function of time using confocal microscopy. Consistent with previous reports in other types of cells ( Kasahara et al., 2004 ; Tagawa et al., 2005 ) , some Cav1-YFP were able to move into the bleaching area, but the percentage of recovery Interestingly, mutation of the N-terminal CBM abolished the FRET between the YFP-␣ 1 and CFP-Cav1. Moreover, expression of mCBM ␣ 1 failed to rescue the defect in cellular Cav1 distribution. These fi ndings, together with our prior in vitro binding data ( Wang et al., 2004 ) , suggest that the N-terminal CBM of ␣ 1 subunit is involved in the interaction with Cav1. This postulation is consistent with the newly released 3D structure of Na/K-ATPase ( Morth et al. 2007 ), which clearly shows that the CBM at the N terminus of ␣ 1 is in close proximity to the cytosolic plasma membrane surface and highly exposed, whereas the other CBM at the C terminus of ␣ 1 is buried in the transmembrane area and exposed to the extracellular surface. However, it is important to point out that domains other than the N-terminal CBM may also participate or contribute to this interaction because Cav1 does not simply interact with CBMcontaining proteins ( Parton and Simons, 2007 ) . Resolution of this structural issue requires further investigation.
It has been proposed that the interaction between Cav1 and the membrane receptors is important for targeting these receptors to caveolae. However, unlike many other receptors and ion channels, the Na/K-ATPase is a highly abundant membrane protein in many types of cells Willis, 1969, 1970 ; McCall, 1979 ) . For example, the number of Na/K-ATPase in the plasma membrane of LLC-PK1 cells is ‫ف‬ 1 million per cell with half residing in caveolae ( Liang et al., 2007 ) . Thus, it is unlikely that the caveolae residence of such a large number of Na/K-ATPase is due to a Cav1-mediated " trapping " . On the contrary, we believe that the Na/K-ATPase may serve as a scaffold and play a role in stabilizing the plasma membrane distribution of Cav1 via this interaction. Nevertheless, several uncertainties should be noted. First, the interpretation of our new fi ndings, at least at the present stage, should be limited to cells we have tested. Second, although we did not observe an overt defect in the Golgi exit of the newly synthesized Cav1, we could not rule out that there may be a slowdown in the knockdown cells because our approach was not intended to measure the speed of protein exit from the Golgi complex. On the other hand, it is important to note that knockdown of Na/K-ATPase apparently did not affect the oligomerization of Cav1 and its interaction with lipid rafts because there was no difference in detergent solubility of Cav1 between P-11 and TCN23-19 cells. This is important because several proteins have been identifi ed to affect Cav1 distribution through altering Cav1 Golgi exit ( Jones et al., 2004 ; Cubells et al., 2007 ) . Finally, although we observed that some Cav1 resided in early endosomes in the knockdown cells, it remains to be tested whether this residence accounts for the observed shifts of Cav1 from light to heavy density fractions ( Fig. 1 ) .
The Na/K-ATPase regulates Cav1 traffi cking FRAP analysis has indicated that the majority of plasma membrane Cav1 is highly immobile in many cell types ( Pelkmans et al., 2001 ; Thomsen et al., 2002 ) . This is certainly true in LLC-PK1 cells. However, the plasma membrane Cav1 can be mobilized by many factors including changes in cellular amount of Cavin and cholesterol, as well as activation of protein kinases. For instance, addition of SV40 to cells stimulates Cav1 abolished the effects of the knockdown of Na/K-ATPase on the movement of Cav1-positive vesicles. Interestingly, the still image from the video of TCN23-19 + nocodazole showed that the plasma membrane localization of Cav1-YFP seemed to be recovered when compared with that in the untreated TCN23-19 cells ( Fig. 9 A ) . However, there were still a few large Cav1-YFP -positive vesicles residing in the cytoplasm ( Fig. 9 A ) . This should not be a surprise because these large vesicles in the cytoplasm are probably the remnants of the accumulated vesicles before nocodazole treatment.
Discussion
We have demonstrated here that the Na/K-ATPase interacts with Cav1, and regulates the Cav1 membrane traffi cking and ultimately the formation of caveolae in cultured cells. Moreover, we have uncovered the importance of the ␣ 1 CBM in the interaction between Na/K-ATPase and Cav1. Finally, the pool of Na/K-ATPase -interacting Src appears to play an important role in this newly identifi ed regulation. All together, our new fi ndings unravel a novel function of the Na/K-ATPase and provide new insights into the molecular mechanism of membrane traffi cking of Cav1.
The Na/K-ATPase interacts with Cav1
In this paper, we showed that knockdown of Na/K-ATPase reduced the amount of ␣ 1 detected in fraction 4/5 and subsequently redistributed Cav1 from this fraction to high density fractions. This was further confi rmed by imaging analyses showing decreases in the plasma membrane pool of Cav1 with a concomitant accumulation of cytosolic Cav1 vesicles. Consistently, electron microscopy data demonstrated a reduction of surface caveolae in the knockdown cells. In addition, colocalization analyses indicated that some of the internalized Cav1 might reside in early endosomes.
Cav1 is an integral membrane protein with both N and C termini located intracellularly. Studies have identifi ed the scaffolding domain (amino acid residue 81 -101) as being important for targeting and concentrating Cav1 to caveolae . It is known that this scaffolding domain interacts with the CBM present in many membrane and soluble proteins ( Couet et al., 1997 ; Liu et al., 2002 ) . In addition, it is also important for the interaction between Cav1 and cholesterol ( Murata et al., 1995 ; Fielding et al., 2002 ) . We previously showed that the Na/K-ATPase was highly concentrated in the caveolinenriched fractions in LLC-PK1 cells and that both proteins existed in the same signalosome and could be coimmunoprecipitated by either anti-Cav1 or anti-␣ 1 antibodies. In vitro binding assays also demonstrated that the Na/K-ATPase directly interacted with the Cav1 N terminus ( Wang et al., 2004 ) . Consistent with these fi ndings, we showed here that CFP-Cav1 and YFP-␣ 1 resided close enough to yield a strong FRET signal in the plasma membrane. Structurally, the ␣ 1 subunit of Na/K-ATPase contains two potential CBM, one at the N terminus and the other at the C terminus. Phylogenic analysis shows that the N-terminal CBM is highly conserved and appears to be acquired during evolution before the C-terminal CBM ( Xie and Cai, 2003 ) .
our new fi ndings, it will be of interest to test whether the Na/KATPase plays a role in regulation of clathrin-dependent cellular traffi cking. Interestingly, the early studies demonstrated that the Na/K-ATPase appeared to be important for endosomal pH regulation ( Cain et al., 1989 ; Fuchs et al., 1989 ).
Cav1 and Na/K-ATPase -mediated signal transduction
Many membrane receptors, protein kinases, and other signaling proteins reside in caveolae and can be coimmunoprecipitated by anti-Cav1 antibodies. Moreover, the Cav1 scaffolding domain has been shown to inhibit the function of many signaling molecules ( Williams and Lisanti, 2004 ) . These fi ndings have led to the hypothesis that caveolae functions as a universal signaling regulator. Indeed, we and others have demonstrated that the Na/K-ATPase resides in caveolae and that caveolar Na/K-ATPase interacts with Src to form a functional receptor complex. Binding of both endogenous and exogenous cardiotonic steroids such as ouabain to this receptor complex activates the Na/KATPase -associated Src, resulting in increases in protein tyrosine phosphorylation and the generation of second messengers ( Wang et al., 2004 ; Yuan et al., 2005 ; Liang et al., 2006 ; Tian et al., 2006 ) . Moreover, depletion of either Cav1 or cholesterol redistributes Na/K-ATPase and abolishes ouabain-induced signal transduction. It also prevents the agonist-induced endocytosis of the Na/K-ATPase signaling complexes ( Liu et al., 2005 ) . Thus, the direct interaction between the Na/K-ATPase and Cav1 not only regulates Cav1 traffi cking, but also plays an essential role in the formation of a functional Na/K-ATPase signaling complex. Needless to say, the validity of this hypothesis has to be further confi rmed in caveolin knockout mice as the role of Cav1 in many signaling events has been questioned by recent in vivo studies ( Souto et al., 2003 ; Gonzalez et al., 2004 ) . Nevertheless, we believe that this newly identifi ed functional interaction between the Na/K-ATPase and Cav1 serves as an excellent model for further exploring the biological role of Cav1 and caveolae in signal transduction and animal physiology.
Materials and methods

Materials and reagents
The antibodies used and their sources are as follows: the anti-Cav1 polyclonal antibody, anti-EEA-1, anti-GM130, goat anti -rabbit secondary antibody, and goat anti -mouse secondary antibody were obtained from Santa Cruz Biotechnology, Inc. Other anti-Cav1 monoclonal and polyclonal antibodies and anti-calnexin antibody were from BD Biosciences. The monoclonal anti-␣ 1 antibody and polyclonal anti-␣ 1 antibody were obtained from Millipore. EM-grade gold conjugates, goat anti -rabbit IgG (10-nm gold), were obtained from British Biocell International. All secondary antibodies used in Western blot were conjugated to horseradish peroxidase. Therefore, the immunoreactive bands were developed using the chemiluminescence kit (Thermo Fisher Scientifi c).
Plasmid constructs, cell culture, and transfection
To construct the fl uorescent protein fused target protein, rat Na/K-ATPase ␣ 1 subunit cDNA was inserted in-frame into pEYFP-C1. Human Cav1 cDNA was PCR cloned and inserted in-frame into pECFP-C1/N1 vectors. Rat ␣ 1 pump-null mutant (D371N) and CBM mutant (Phe 92 -XXXX-Phe 97 -XX-Phe 100 to Phe 92 -XXXX-Ala 97 -XX-Ala 100 , F97A/F100A) were created by PCR-based site-directed mutagenesis with the QuikChange site-directed mutagenesis kit from Stratagene. RFP-rab5 and RFP-rab7 were requested from www.addgene.org. All constructs were verifi ed by DNA sequencing.
endocytosis and increased the formation of large size Cav1-positive early endosomes, which appears to require Src activation. Similarly, we found that knockdown of the Na/K-ATPase stimulated the endocytosis of Cav1 and increased the longrange movement of Cav1-positive vesicles ( Fig. 9 ) . Interestingly, in comparison to Cavin ( Hill et al., 2008 ) , knockdown of the Na/K-ATPase not only reduced the surface number of caveolae, but also concomitantly increased Cav1-positive vesicles in the cytoplasm. Mechanistically, we have demonstrated that the Na/K-ATPase interacts and keeps Src in an inactive state . Thus, we believe that the Na/K-ATPase depletion-induced Src activation may be responsible for the observed increases in the movement of Cav1. This postulation is supported by the data presented in Figs. 9 and 10 . Moreover, we have recently observed that knockdown of Na/K-ATPase also decreased the plasma membrane and ultimately the ER cholesterol, resulting in the activation of sterol regulatory element-binding protein 2 (SREBP2) and increased expression of HMG-CoA reductase (unpublished data). Thus, reduction of the plasma membrane cholesterol may work in concert with Src activation in regulation of Cav1 endocytosis.
As shown in Fig. 9 , knockdown of the Na/K-ATPase stimulated the long-range directional movement of Cav1-positive vesicles toward the perinuclear region. Such movement has been well characterized and can be stimulated when the cells are exposed to stimuli such as SV40 ( Pelkmans et al., 2001 ; Pelkmans and Zerial, 2005 ) . Mechanistically, such movements are known to be mediated by the changes in the cortical actin cytoskeleton, and the activation of microtubule-dependent traffi cking ( Mundy et al., 2002 ; Pelkmans and Zerial, 2005 ; Tagawa et al., 2005 ) . Consistently, we found that disruption of microtubules by nocodazole abolished the effects of Na/K-ATPase knockdown on Cav1 traffi cking.
Because the Na/K-ATPase interacts directly with ankyrin ( Devarajan et al., 1994 ; Jordan et al., 1995 ) , it is possible that depletion of Na/K-ATPase could also affect cellular actin cytoskeleton structure, which may contribute to the increased mobility of Cav1. When we visualized the overall distribution of actin microfi laments using immunofl uorescence and laser scanner confocal microscopy, we failed to detect signifi cant differences between the control and Na/K-ATPase knockdown cells (unpublished data). However, we cannot rule out the local and transient change of actin cytoskeleton during the short-and long-range movement of Cav1 vesicles, as what happened in SV40-triggered internalization of Cav1 ( Pelkmans et al., 2002 ) .
In short, our new fi ndings demonstrated that the Na/KATPase interacted with Cav1 and regulated the traffi cking of Cav1. To this end, it is important to mention that Na/K-ATPase also interacts with many proteins including arrestins and spinophilin that are involved in control of formation and traffi cking of clathrin-coated vesicles ( Kimura et al., 2007 ) . Functionally, the Na/K-ATPase internalizes in a clathrin-dependent manner after the cells are stimulated by hormones such as dopamine and ouabain ( Chibalin et al., 1997 ; Liu et al., 2004 ) . Interaction with arrestins facilitates the endocytosis. On the other hand, binding of spinophilin to the Na/K-ATPase inhibits the association of arrestins to the enzyme, and thus slows the endocytosis. In view of
To perform immunogold staining ( Wu et al., 1997 ) , cells cultured in 35-mm tissue culture wells were fi xed with 3% paraformaldehyde and 0.5% glutaraldehyde for 1 h, washed with 0.2 M Hepes (pH 7.3), and cell pellets were collected. After quenching with 0.5 M NH 4 Cl for 1 h, cell pellets were washed with fresh sodium cacodylate buffer and dehydrated in a graded series of ethanols. Then cells were embedded in LR-white resin, and polymerized at 55 ° C for 2 d and sectioned using a Leica ultramicrotome. The sections were fi rst blocked with 1% fi sh gelatin in 0.1 M Hepes for 30 min, and then probed with rabbit anti-caveolin antibody (1:10 dilution) for 2 d. Grids were washed three times with 0.2 M NaCl, and subsequently incubated with 10-nm gold conjugated goat anti -rabbit IgG (1:100 dilution) for 1 h. Afterward, grids were washed three times with high salt solution (2.5 M NaCl), post-stained with aqueous uranyl acetate for 25 min, and washed fi ve times with distilled H 2 O. Gold particles were analyzed using an electron microscope (CM-10; Philips). Images were randomly taken from sections prepared from three separate experiments. Quantifi cation of the distribution of gold particles was done as described previously ( Hill et al., 2008 ) .
FRET analysis by acceptor photobleaching As previously described , CFP-Cav1 and YFP-rat ␣ 1 , D371N mutant, or CBM mutant were cotransfected into TCN23-19 cells. After 24 h of culture, cells on glass coverslips were fi xed with 4% paraformaldehyde for 30 min at room temperature and washed twice with PBS solution. The coverslips were then mounted and used for FRET measurement with the Leica confocal microscope (DM IRE2; Leica). The YFP-tagged protein was photobleached by applying full power of 515-nm laser, and the emission of CFP excited by 456-nm laser was recorded before (D pre ) and after (D post ) YFP photobleaching. The FRET effi ciency was then calculated by the Ep value, corrected ratio of (D post Ϫ D pre )/D pre in the photobleached region comparing it to the nonbleached region in the same experiment.
FRAP analysis
We followed the protocol as described previously ( Kasahara et al., 2004 ; Tagawa et al., 2005 ) . In brief, Cav1-YFP was transfected into control and knockdown cells for 24 h, and then the cells were loaded into an Attofl uor cell chamber (Invitrogen) in physiological salt solution containing 100 mM NaCl, 5 mM KCl, 20 mM Hepes, 25 mM NaHCO 3 , 1 mM CaCl 2 , 1.2 mM MgCl 2 , 1 mM NaH 2 PO 4 , and 10 mM D-glucose. The chamber was mounted onto a confocal microscope (DM IRE2; Leica) at room temperature. FRAP analysis was performed by using Leica confocal software. A picture was taken at prebleach, and then the selected area was under full-power bleaching for 20 times. Recovery was monitored by scanning for 60 min at 20-s intervals at low laser power (15% power). Images were processed using ImageJ. Relative fl uorescence of recovery = /t-FI [15] ) Ϫ (b-FI [0] /t-FI [0] )]/ b-FI_pre/t-FI_pre, where b-FI [0] is the intensity of the bleached area at time 0 s after bleaching, t-FI [0] is the total intensity of the cell at time 0 s after bleaching, b-FI [15] is the intensity of bleached area after 15 min of recovery, and t-FI [15] is the total intensity of the cell after 15 min of recovery. b-FI_pre and t-FI_pre is the intensity of bleached area and total cell before photobleaching.
Live particle tracking
Cells transfected with Cav1-YFP were monitored by confocal microscope (DM IRE2; Leica) using time-lapse imaging under 12% power of laser light at 488 nm for 30 min. The trajectory of the moving Cav1-YFP -positive vesicles were generated by comparing each frame and measured by Manual Tracking using ImageJ. The resolution limit to the confocal laser microscope is ‫ف‬ 0.5 μ m. Thus, only Cav1-YFP -positive vesicles with a diameter more than 1 μ m and moving away from the plasma membrane were studied. Mean square displacement (MSD) was calculated where the x ( t ) and y ( t ) are particle positions at time t , N is the total number of frames, n is the number of time intervals, and j is a positive integer ( Qian et al., 1991 ; .
MSD n t x j t n t x j t y j t n t y j t
The range of particle diffusion was calculated as
Range n t x j t n t x j t y j t n t y j t
The maximal range was acquired by calculation of the absolute distance between each position on the trajectory respective to the starting position
The knockdown cell lines , and the control P-11 cell line were derived from pig LLC-PK1 cells as previously reported ( Liang et al., 2006 ) . The cells were cultured in DMEM containing 10% fetal bovine serum, penicillin (100 units/ml), streptomycin (100 μ g/ml), and 1 μ g/ml puromycin. When cell cultures reached ‫ف‬ 90% confl uence, cells were used for the experiments. Cells were transfected with various plasmids or empty vectors using Lipofectamine 2000 as described previously ( Wang et al., 2004 ; Tian et al., 2006 ) . Experiments were performed 24 h after transfection unless indicated otherwise.
Purifi cation of caveolin-rich membrane fractions, Triton X-100 extraction, and Western blot Caveolin-rich membrane fractions were obtained by means of sucrose gradient fractionation Wang et al., 2004 ) . In brief, LLC-PK1 cells were collected with 500 mM sodium carbonate, pH 11.0, and then homogenized. The homogenate was then adjusted to 45% sucrose by addition of 2 ml of 90% sucrose prepared in MBS (25 mM Mes and 0.15 M NaCl, pH 6.5) and placed at the bottom of an ultracentrifuge tube. The ultracentrifuge tubes were then loaded with 4 ml of 35% sucrose and 4 ml of 5% sucrose (both in MBS containing 250 mM sodium carbonate) and centrifuged at 39,000 rpm for 16 -20 h in an SW41 rotor (Beckman Coulter). A light-scattering band at the interface between the 5 and 35% sucrose gradients was observed. 11 gradient fractions of 1 ml were collected from the top to the bottom of the centrifuge tube. Equal volumes of each fraction were analyzed by Western blot.
Extraction of cold Triton X-100 soluble protein was done as described previously ( Pol et al., 2005 ) . In brief, LLC-PK1 cells were washed twice with cold PBS. Then they were extracted for 2 min by immersion into 250 μ l of ice-cold 0.1% Triton X-100 solution containing 10 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, and protease and phosphatase inhibitors. Nuclei and unbroken cells were removed from the soluble supernatant by centrifugation at 2,000 rpm for 5 min at 4 ° C in an Eppendorf tube. The pellet was dissolved in 250 μ l RIPA buffer. Equal volumes of the soluble and insoluble fractions were subjected to Western blot analysis.
Immunofl uorescence and imaging analysis
Imaging study was performed as described previously . Cells were cultured for 24 h on glass coverslips. After being fi xed with 4% paraformaldehyde, the cells were permeabilized for 20 min with 0.1% saponin in PBS. The cells were washed again with PBS and blocked with Signal Enhancer (Invitrogen). Primary antibodies were diluted in 3% BSA in PBS and coverslips were incubated with antibodies overnight at 4 ° C ( Pol et al., 2005 ) . After three washes with PBS, AlexaFluor 546/488 -conjugated antibodies were added and incubated for 1 h at room temperature. Samples were washed and mounted onto slides. Cells were visualized using an inverted confocal laser scanning microscope (DM IRE2; Leica) equipped with a 63x/1.3 oil objective. An argon and a helium/neon laser were used for double fl uorescence with excitation at 433 nm, 515 nm and emission at 505 -510 nm, and 566 -620 nm, respectively . To avoid the cross-talk between the two fl uorescent dyes, we used the sequential method featured by the Leica confocal microscope to acquire the images for measuring colocalization of the two proteins. To quantify the localization changes of Cav1 in control and knockdown cells, Cav1 fl uorescence within 1 μ m of the cell surface is considered PM and its proximity; fl uorescence internal and away from this zone is considered intracellular region. Fluorescence intensity of total cell area (Ft) and the intracellular region (Fi) were measured by ImageJ, the percentage of Cav1 localized on the PM was calculated by (Ft Ϫ Fi)/Ft. Values are mean ± SE from 30 -50 cells in at least 10 independent experiments.
Electron microscopy
Cell samples were prepared as described previously ( Wu et al., 1997 ; Cubells et al., 2007 ) . In brief, cell monolayers on 10-cm dishes were rinsed with PBS and fi xed with 3% paraformaldehyde and 0.5% glutaraldehyde in 0.2 M sodium cacodylate (pH 7.4) for 1 h at room temperature. Cells were gently scraped from the dishes with a rubber policeman, collected, and pelleted. After three 30-min rinses each in the cacodylate buffer, pellets were post-fi xed in 1% OsO 4 (s-collidine buffered) for 90 min. Finally, samples were embedded in Spurr low viscosity embedding media (Electron Microscopy Sciences). Ultrathin sections were analyzed with an electron microscope (CM-10; Philips). The number of surface caveolae (noncoated 30 -80-nm surface fl ask-shaped membrane invaginations) was determined in random fi elds of sections from images acquired at the same magnifi cation (34,000). More than 40 cells were examined for each cell line.
